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Periodontal diseases are inflammatory, infectious diseases trigged by the 
accumulation of oral microbes on the tooth surface in the form of biofilms 
that cause destruction of the tooth-supporting (periodontal) structures. It is the 
primary cause of adult tooth loss. The interaction between biofilm and host 
tissue is crucial for the development of periodontal disease, thus making 
treatment difficult. Biofilms, a dense structure of matrix-embedded oral 
bacteria forming on the tooth surface, result in increased resistance against 
antimicrobials and greater host immune defenses of their constituent 
microorganisms. They are a dynamic ecosystem in which each species may 
not only regulate their own functions but also that of their neighboring 
species. The periodontal tissues are the first ones to be affected by the 
established oral biofilm and represent the site of initial inflammatory host 
response against oral microbes. Therefore, understanding the underlying 
mechanisms of interactions between oral biofilm and periodontal tissue is of 
fundamental importance for effective treatment of these diseases.  
However, available study models have several limitations. In vitro 
experimental models at present are too simplified to adequately study the 
pathogenic mechanisms of periodontal infections. Animal models are useful 
tools to address mechanistic questions. But they cannot fully reflect the 
human condition because differences in oral microflora and tissue structure. 
Human experiments can only address questions focusing on the early or 




To gain deeper insight into the mechanisms underlying periodontal 
infections, the primary aim of this thesis was to develop a novel organotypic 
3D in vitro infection model that may circumvent some of the previously 
mentioned limitations. The major individual aims of this PhD thesis were as 
follows: 1) a better understanding of the role of specific virulence factors in 
the structure and function of a subgingival biofilm model, illustrated by the 
comparison of gingipains (cysteine proteinases) of Porphyromonas gingivalis; 
2) to evaluate whether this subgingival biofilm model is amenable to 
additional species, illustrated by the incorporation of Aggregatibacter 
actinomycetemcomitans, and to monitor the proteomic changes that occur in 
the biofilm during this process; 3) to construct and characterize immortalized 
gingival epithelial and fibroblast cell lines that can be further utilized in 3D 
cultures; 4) to develop a 3D organotypic tissue-biofilm interaction model in a 
dynamic microenvironment; and 5) to characterize the global proteomic 
events taking place in this experimental periodontal infection model. 
The biofilm model used in this thesis is based on a previously 
developed in vitro 10-species model with a typical composition of subgingival 
biofilms consisting of Prevotella intermedia, Campylobacter rectus, 
Veillonella dispar, Fusobacterium nucleatum, Streptococcus oralis, 
Treponema denticola, Actinomyces oris, Streptococcus anginosus, Tannerella 
forsythia, and P. gingivalis. The relative role of the gingipain virulence factors 
of P. gingivalis was studied by the incorporation of an Arg-gingipain or a 
Lys-gingipain P. gingivalis mutant into the biofilm. On comparing the 
biofilms with either the wild-type or one of these two gingipain-deficient 
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strains, it was evident that the numbers of T. forsythia were reduced in the 
absence of Lys-gingipain. However, in the absence of the Arg-gingipain, 
spatial rearrangements in the clustering of T. denticola were observed. 
Aggregatibacter actinomycetemcomitans, an oral species associated 
with aggressive forms of periodontal infection, was introduced successfully 
into the biofilm resulting in an 11-species final model. This was characterized 
by means of proteomic evaluation and used in the subsequent host-biofilm 
interaction studies. Within the biofilm structure, this bacterium aggregated in 
dense clumps but did not significantly change the cell numbers of other 
species. Using label-free quantification, a total of 483 proteins were found to 
be regulated compare to the original 10-species biofilm, most of which 
belonged to Campylobacter rectus and Streptococcus anginosus. All the 
proteins from Prevotella intermedia were up-regulated, while almost all the 
proteins from P. gingivalis, S. anginosus and C rectus were down-regulated. 
Therefore, while the presence of A. actinomycetemcomitans did not affect 
bacterial numbers, it caused changes in the protein expression of other species 
in the biofilm. 
To establish stable immortalized cell lines, primary gingival epithelial 
and fibroblast cells were transfected with E6 and E7 human papillomavirus 
oncoprotein. Expansion of the primary cells was impaired at an early stage, 
while the immortalized cell lines continued expanding for more than 30 
passages. When cultured in a 3D conformation, the morphological features 
and expression of cell type-specific markers of immortalized cells were more 
similar to in vivo human gingival tissues than monolayer cultures, confirming 
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that these cell lines can be used for generating a standard organotypic model. 
An organotypic in vitro infection model was then generated using the 
established biofilm and immortalized cell lines. The model consisted of two 
tissues of human gingiva, namely gingival epithelium and gingival connective 
tissue (collagen sponge + fibroblasts + monocytes). This tissue was utilized to 
establish an in vitro infection model by co-culture with the 11-species 
subgingival biofilm in a perfusion bioreactor. Histology and scanning 
electronic microscopy revealed an epithelial layer on the surface of the 
collagen sponge, underlined by fibroblastic and monocytic cells that were 
aligned within the sponge mass. This fine epithelial layering was disrupted 
when co-cultured with the biofilm, and more monocytic cells were also 
recruited. Multiplex immunoassaying revealed that the production of 
inflammatory markers interleukin (IL)-1β, IL-2, IL-4, and tumor necrosis 
factor (TNF)-α were up-regulated, indicating the induction of immune 
responses in this organotypic tissue by the biofilm. Bacterial quantification of 
the biofilm also indicated a potential antimicrobial effect of this tissue. 
In the last part of the thesis, this established periodontal infection 
model was further evaluated by characterizing the global proteome 
regulations using liquid chromatography-tandem mass spectrometry. A total 
of 896 and 3363 proteins were identified in the secreted culture supernatants 
and biofilm lysates, respectively. The regulatory trends of these proteins were 
further calculated through spectral counting, and bioinformatic analysis 
showed that secreted human proteins were related to antigen presentation, 
stress responses, and apoptosis. The regulated bacterial proteins were 
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associated primarily with cytokinesis, GTP binding, and GTPase activity. 
Taken together, this thesis achieved structural and proteomic 
characterization of a host–bacteria interaction model consisting of an 
organotypic gingival tissue and a subgingival biofilm in a perfusion 
bioreactor. This is one of the most complex in vitro periodontal infection 
models available utill date and may recapitulate the early events that occur in 
vivo in a periodontal pocket. Thus, this in vitro model has the potential to 
substitute experimental animal models and to provide an accurate laboratory 
platform for the investigation of mechanisms of periodontal pathogenesis and 
evaluation of anti-inflammatory and anti-microbial agents prior to application 
in clinical trials. 
  
8 
ZUSAMMENFASSUNG	  Parodontale	   Erkrankungen	   sind	   entzündliche	  Infektionskrankheiten,	  die	  durch	  das	  Festsetzen	  oraler	  Bakterien	  auf	  der	  Zahnoberfläche	  in	  Form	  von	  Biofilmen	  ausgelöst	  werden.	  Sie	  verursachen	  die	   Zerstörung	   des	   (parodontalen)	   Zahnhaltegewebes	   und	   sie	   sind	   die	  Hauptgründe	  für	  den	  Zahnverlust	  bei	  Erwachsenen.	  Die	  Wechselwirkung	  zwischen	   Biofilmen	   und	   Wirtsgewebe	   ist	   entscheidend	   für	   die	  Entwicklung	   von	   Parodontitis,	   was	   ihre	   Behandlung	   zu	   einer	  herausfordernden	  Aufgabe	  macht.	  Der	  Biofilm	  besteht	  aus	  einer	  dichten	  Struktur	   von	   in	   der	   Matrix	   eingebetteten	   oralen	   Mikroorganismen,	  welcher	   sich	   auf	   der	   Zahnoberfläche	   bildet.	   Dieser	   Biofilm	   führt	   zu	  erhöhter	  Resistenz	  gegenüber	  antimikrobiellen	  Substanzen	  und	  schwächt	  die	   Wirtsabwehr	   gegen	   die	   im	   Biofilm	   enthaltenen	   Mikroorganismen.	  Außerdem	   bilden	   Biofilme	   ein	   dynamisches	   System,	   in	   welchem	   jede	  Spezies	   nicht	   nur	   ihre	   eigenen	   Funktionen	   regulieren	   können,	   sondern	  auch	  die	   ihrer	  benachbarten	  Spezies.	  Die	  parodontalen	  Gewebe	  sind	  die	  ersten,	  die	  mit	  dem	  entstehenden	  Biofilm	  in	  Berührung	  kommen	  und	  sie	  stellen	  den	  Ort	  der	  ursprünglichen	  Wirtsantwort	  und	  Entzündung	  gegen	  die	   oralen	   Mikroorganismen	   dar.	   Daher	   ist	   das	   Verstehen	   der	  Wechselwirkungen	   zwischen	   oralen	   Biofilmen	   und	   parodontalen	  Geweben	   und	   der	   ihnen	   zugrunde	   liegenden	   Mechanismen	   von	  grundlegender	   Bedeutung	   für	   eine	   wirksame	   Behandlung	   solcher	  Erkrankungen.	  
Allerdings	   sind	  Modelle	   zur	   Studie	   von	   Parodontalerkrankungen	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nur	  begrenzt	   verfügbar.	  Gegenwärtige	   in-­‐vitro-­‐Versuchsmodelle	   sind	   zu	  vereinfacht,	   um	   die	   pathogenen	   Mechanismen	   der	   parodontalen	  Infektionen	  ausreichend	  erforschen	  zu	  können.	  Bei	  Tiermodellen	  ergeben	  sich	   methodologische	   Einschränkungen,	   da	   die	   Wirtsantworten	   auf	  parodontale	   Infektionen	   zwischen	   Menschen	   und	   Tieren	   sehr	  unterschiedlich	   sind	   und	   es	   ausserdem	   erhebliche	   Unterschiede	   in	   der	  Zusammensetzung	   der	   oralen	   Mikrobiota	   verschiedener	   Spezies	   gibt.	  	  Versuche	   an	   Menschen	   könnten	   nur	   Fragen	   zu	   frühen	   oder	   bereits	  fortgeschrittenen	   Stadien	  der	  Krankheit	   ansprechen,	   zudem	   stellen	   sich	  dabei	  auch	  einige	  wichtige	  ethische	  Erwägungen.	  
Um	   tiefere	   Einblicke	   in	   die	   Mechanismen	   der	   parodontalen	  Infektionen	   zu	   gewinnen,	   war	   das	   primäre	   Ziel	   dieser	   Arbeit,	   ein	  organotypisches	   3D-­‐in	   vitro-­‐Infektionsmodell	   zu	   entwickeln,	   welches	  einige	   der	   oben	   genannten	   Einschränkungen	   umgehen	   kann.	   Die	  wichtigsten	   während	   dieser	   Doktorarbeit	   angestrebten	   Ziele	   waren:	   1)	  ein	   besseres	  Verständnis	   der	  Rolle	   der	   spezifischen	  Virulenzfaktoren	   in	  Bezug	   auf	   Struktur	   und	   Funktion	   im	   subgingivalen	   Biofilm-­‐Modell	   zu	  schaffen,	   veranschaulicht	   durch	   den	   Vergleich	   von	   Porphyromonas	  gingivalis	   Gingipains	   (Cysteinproteinasen);	   2)	   zu	   beurteilen,	   ob	   dieses	  subgingivale	   Biofilm-­‐Modell	   für	   zusätzliche	   Spezies	   anwendbar	   ist,	  dargestellt	   durch	   die	   Inkorporation	   von	   Aggregatibacter	  actinomycetemcomitans	   und	   das	   Untersuchen	   der	   proteomischen	  Veränderungen	  im	  Biofilm	  während	  dieses	  Vorgangs;	  3)	  die	  Bildung	  und	  Charakterisierung	   immortalisierter	   gingivaler	   Epithel-­‐	   und	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Fibroblastenzelllinien,	  die	  in	  3D-­‐Kulturen	  weiter	  genutzt	  werden	  können;	  4)	   die	   Entwicklung	   eines	   experimentellen	   3D-­‐organotypischen	   Modells	  zur	  Untersuchung	  von	  Interaktionen	  zwischen	  Biofilmen	  und	  Geweben	  in	  einer	  dynamischen	  Mikroumgebung	  und	  5)	  die	   globalen	  proteomischen	  Ereignisse	   in	   diesem	   experimentellen	   Parodontitis-­‐Infektionsmodell	   zu	  charakterisieren.	  
Das	  Biofilm-­‐Modell,	  das	  in	  dieser	  Arbeit	  verwendet	  wurde,	  basiert	  auf	   einem	   zuvor	   entwickelten	   in	   vitro	   10-­‐Spezies-­‐Modell	   mit	   einer	   für	  subgingivale	   Biofilme	   typischen	   Zusammensetzung	   aus	   Prevotella	  intermedia,	   Campylobacter	   rectus,	   Veillonella	   dispar,	   Fusobacterium	  nucleatum,	  Streptococcus	  oralis,	  Treponema	  denticola,	  Actinomyces	  oris,	  Streptococcus	  anginosus,	  Tannerella	  forsythia	  und	  P.	  gingivalis.	  Die	  Rolle	  der	  Gingipain-­‐Virulenzfaktoren	  wurde	  durch	  die	  Inkorporation	  einer	  Arg-­‐Gingipain	  oder	  einer	  Lys-­‐Gingipain	  Mutante	  von	  P.	  gingivalis	   im	  Biofilm	  untersucht.	   Der	   Vergleich	   der	   Biofilme,	   die	   entweder	   den	  Wildtyp	   oder	  eine	   der	   beiden	   Gingipain-­‐defizienten	   Stämme	   enthielten,	   zeigten,	   dass	  die	  Anzahl	   von	  T.	   forsythia	   in	  Abwesenheit	   von	  Lys-­‐Gingipain	   reduziert	  worden	   war,	   während	   in	   Abwesenheit	   von	   Arg-­‐Gingipain	   räumliche	  Umlagerungen	   im	   Clustering	   von	   T.	   denticola	   beobachtet	   werden	  konnten.	  
Aggregatibacter	   actinomycetemcomitans,	   eine	   orale	   Bakterienart	  mit	  aggressiven	  Formen	  parodontaler	   Infektionen,	  konnte	  erfolgreich	   in	  den	   Biofilm	   eingeführt	   werden,	   woraus	   schlussendlich	   das	   11-­‐Spezies-­‐
  
11 
Modell	   resultierte.	   Dieses	   wurde	   mittels	   Proteomik-­‐Auswertung	  charakterisiert	   und	   in	   den	   nachfolgenden	   Studien	   über	  Wechselwirkungen	   zwischen	   Wirtszellen	   und	   Biofilm	   eingesetzt.	   Im	  Biofilm	  aggregierte	  dieses	  Bakterium	  zwar	  zu	  dichten	  Klumpen,	  aber	  es	  veränderte	   die	   Zellzahlen	   der	   anderen	   Spezies	   nicht	   signifikant.	   Im	  Vergleich	   zum	  10-­‐Spezies-­‐Biofilm	  wurden	   im	   11-­‐Spezies-­‐Modell	  mittels	  markierungsfreier	   Quantifizierung	   insgesamt	   483	   regulierte	   Proteine	  gefunden.	   Die	   meisten	   dieser	   regulierten	   Proteine	   gehörten	   zu	  Campylobacter	   rectus	   und	   Streptococcus	   anginosus.	   Interessanterweise	  wurden	   alle	   Proteine	   von	   P.	   gingivalis	   herunterreguliert,	   während	   alle	  Proteine	   von	  Prevotella	   intermedia	  hochreguliert	  wurden.	  Während	  die	  Anwesenheit	  von	  A.	  actinomycetemcomitans	  also	  keinen	  Einfluss	  auf	  die	  Bakterienzahlen	  im	  Biofilm	  hatte,	  beeinflusste	  es	  die	  Protein-­‐Expression	  anderer	  Spezies.	  
Für	   die	   Herstellung	   stabiler	   immortalisierter	   Zelllinien	   wurden	  primäre	   gingivale	   Epithelzellen	   und	   Fibroblasten	   mit	   humanen	  Papillomavirus-­‐Onkoproteinen	  E6-­‐	  und	  E7	  transfiziert.	  Die	  Expansion	  der	  Primärzellen	  wurde	  in	  einem	  frühen	  Stadium	  beeinträchtigt,	  während	  die	  immortalisierten	   Zelllinien	   über	   mehr	   als	   30	   Passagen	   expandierten.	  Wenn	   immortalisierte	   Zellen	   in	   einer	   3D-­‐Konformation	   gezüchtet	  wurden,	   zeigten	   sie,	   im	   Gegensatz	   zu	   Monolayer-­‐Kulturen,	   ähnliche	  morphologische	   Merkmale	   und	   Expression	   der	   Zelltyp-­‐spezifischen	  Marker	  wie	  in	  in	  vivo	  humanem	  gingivalem	  Gewebe,	  was	  bestätigte,	  dass	  diese	  Zelllinien	  zur	  Herstellung	  eines	  Standard-­‐organotypischen	  Modells	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verwendet	  werden	  konnten.	  
Mit	   Hilfe	   des	   etablierten	   Biofilms	   und	   den	   immortalisierten	  Zelllinien	   wurde	   dann	   ein	   organotypisches	   in	   vitro-­‐Infektionsmodell	  generiert.	   Das	   Modell	   bestand	   aus	   zwei	   konstituierenden	   Geweben	  humaner	   Gingiva,	   nämlich	   Gingivaepithel	   und	   gingivalem	   Bindegewebe	  (Kollagenschwamm	  +	  Fibroblasten	  +	  Monozyten).	  Durch	  Ko-­‐Kultivierung	  dieses	   Gewebes	   mit	   dem	   11-­‐Spezies	   subgingivalen	   Biofilm	   in	   einem	  Perfusionsbioreaktor	   entstand	   das	   in	   vitro	   Infektionsmodell.	  Histologische	   und	   Rasterelektronenmikroskop-­‐Analysen	   zeigten	   eine	  Epithelschicht	   auf	   der	   Oberfläche	   des	   Kollagenschwamms,	   darunter	  Fibroblasten	   und	   Monozyten,	   welche	   innerhalb	   der	   Masse	   des	  Kollagenschwamms	  verbunden	  waren.	  Durch	  Ko-­‐Kultivierung	  mit	  Biofilm	  wurde	  diese	  feine	  Epithelischicht	  zerstört,	  währenddem	  mehr	  Monozyten	  rekrutiert	   wurden.	   Multiplex-­‐Immunoassay-­‐Analysen	   ergaben,	   dass	   die	  Produktion	  von	  Entzündungsmarkern,	  einschließlich	  Interleukin	  (IL)	  -­‐1β,	  IL-­‐2,	   IL-­‐4	   und	   Tumor-­‐Nekrose-­‐Faktor-­‐α,	   hochreguliert	  war,	  was	   auf	   die	  Induktion	   der	   Immunantwort	   durch	   den	   Biofilm	   	   in	   diesem	  organotypischen	  Gewebe	  schliessen	  lässt.	  Die	  bakterielle	  Quantifizierung	  des	   Biofilms	   weist	   auch	   auf	   eine	   potentielle	   antimikrobielle	   Wirkung	  dieses	  Gewebes	  hin.	  
Im	   letzten	   Teil	   der	   Doktorarbeit	   wurde	   dieses	   etablierte	  parodontale	  Infektionsmodell	  weiter	  untersucht	  durch	  Charakterisierung	  der	   globalen	   Proteom-­‐Regulation	   mittels	   Flüssig-­‐Chromatographie-­‐
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Tandem-­‐Massenspektrometrie.	   Insgesamt	   wurden	   896	   und	   3363-­‐Proteinen	   in	   den	   sezernierten	   Kulturüberständen	   bzw.	   Biofilm-­‐Lysaten	  identifiziert.	   Die	   Regulations-­‐Trends	   dieser	   Proteine	   wurden	   weiter	  durch	  „spectral	  counting“	  berechnet.	  Bioinformatische	  Analysen	  zeigten,	  dass	   diese	   regulierten	   humanen	   sekretorischen	   Proteine	   in	   Verbindung	  mit	   Antigenpräsentation,	   Stressreaktionen	   und	   Apoptose	   stehen.	   Das	  regulierte	  Bakterienprotein	  war	  vor	  allem	  mit	  Zytokinese,	  GTP-­‐Bindung	  und	  GTPase-­‐Aktivität	  assoziiert.	  





1. Periodontal disease 
1.1 Background  
Periodontal diseases, also known as periodontal infections, are a cluster of 
inflammatory diseases of the oral cavity that cause destruction of the tooth-
supporting tissues (periodontium). A complex interplay of microbial, genetic, 
and environmental factors (such as smoking) is responsible for triggering this 
disease. The early stage of periodontal infection can cause gingival edema and 
inflammation, manifesting as “gingivitis.” If left untreated, the inflammation 
may destroy the periodontal connective tissues and underlying alveolar bone, 
manifesting as “periodontitis” (Ohlrich et al., 2009). It is estimated that 
around 50% of the adult population is suffering from periodontal diseases 
(Albandar, 2011), and 15% of these patients may exhibit severe destructive 
symptoms and lose their teeth (Brown and Loe, 1993). Records on periodontal 
infections from approximately 2700–2600 BC in China (Dentino et al., 2013) 
and fossil evidence from 3 million year old hominid showed that these 
diseases have threatened our teeth since the dawn of civilization (Forshaw, 
2009). According to the U.S. Department of Health and Human services, at 
least 5 billion US dollars are spent on treatment of periodontal disease each 
year (Bonito et al., 2004). Apart from being the primary reason for human 
adult tooth loss (Ong, 1998), significant associations between periodontal 
infections and systemic diseases such as diabetes mellitus or cardiovascular 
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diseases have also been reported (Belibasakis and Bostanci, 2014; Kebschull 
et al., 2010). 
 
1.2 Histopathology of periodontal diseases  
Although individual forms of periodontal disease may vary in terms of 
etiology, progression, or response to treatment, they share basic pathological 
mechanisms, histopathological appearance, ultrastructural features, and tissue 
destruction. This suggests a common chain of events underlying different 
periodontal diseases. According to Page & Schroeder (Page and Schroeder, 
1976), the development of periodontal infections can be roughly divided into 
four stages: initial lesion, early lesion, established lesion, and advanced lesion 
(Ohlrich et al., 2009). During the initial lesion, large numbers of 
polymorphonuclear leukocytes (PMNs) are recruited, and there is an increase 
in gingival crevicular fluid (GCF). The start of the early lesion (second stage) 
is characterized by infiltration of matured leukocytes. Meanwhile, the 
accumulation of lymphocytes and further increasing GCF flow are also 
observed. With the progression of periodontal infections, recruited immune 
cells shift from primarily PMNs to macrophages and lymphocytes. This is 
when periodontal infection progresses into an established lesion (third stage), 
characterized by predominant number of plasma cells (activated B-cells). 
Another characteristic feature of this established lesion is collagen 
degradation. It has been reported that 60%–70% of collagen within the 
inflammation zone is degraded at this stage (Page and Schroeder, 1976). In 
the advanced lesion (fourth stage), many destructive clinical symptoms such 
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as periodontal pocket formation and destruction of the alveolar bone that 
supports the tooth are observed. The first three non-destructive stages of this 
disease are classified as gingivitis, while progression to an advanced lesion is 
defined as periodontitis. Gingivitis is reversible once the causative factors are 
controlled (Syed and Loesche, 1978). However, destruction of the bone in the 
periodontitis stage is almost permanent. Because the symptoms can be rather 
mild, most patients fail to recognize periodontal infection at the stage of 
gingivitis.  
 
1.3 Clinical and microbiological diagnosis and therapy  
The clinical diagnosis of periodontal diseases depends on the changes in 
gingival tissue color and volume, increased periodontal pocket depth, and 
bleeding upon gentle provocation with a peridontal probe (Holtfreter et al., 
2012; Lindhe and Nyman, 1975; Mariotti, 1999). Some putative microbial 
pathogens, such as A. actinomycetemcomitans, P. gingivalis, T. forsythia 
(previously Bacteroides forsythus), T. denticola, P. intermedia, F. nucleatum, 
C. rectus, Streptococcus intermedius, present in dental biofilms are highly 
associated with periodontal disease and are therefore also considered as 
potential indicators of the disease (Lovegrove, 2004; Socransky et al., 1998). 
However, any of these “pathogens” alone should not be considered as sole 
markers as these diseases are opportunistic polymicrobial infections (Teles et 
al., 2013) and may result from a complex polymicrobial synergy and 
dysbiosis between the biofilm and the host response (Hajishengallis and 
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Lamont, 2012; Lamont and Hajishengallis, 2015). The enzymatic activity of 
bacteria in biofilms once held good promise for the early diagnosis of this 
disease. A synthetic compound BANA [n-benzoyl-dl-arginine-β-naph-
thylamide (PerioScan™)] was developed to detect proteolytic enzymes 
produced by T. denticola, P. gingivalis, and T. forsythia, which are believed 
to be associated with adult periodontitis (Bretz et al., 1993). Methods that 
evaluate the levels of periodontal pathogen-specific immunoglobulins in 
serum were also used to identify potential periodontal infection (Papapanou et 
al., 2001). In recent years, newly developed non-invasive periodontal 
diagnostic methods consider cytokine changes in GCF or saliva as markers for 
periodontal infections. Several studies have reported that GCF obtained from 
periodontitis patients exhibit higher concentrations of IL-1β (Navarro-
Sanchez et al., 2007; Shaddox et al., 2011), IL-2 (Shaddox et al., 2011), IL-6 
(Duarte et al., 2007; Kardesler et al., 2011), and TNF-α (Navarro-Sanchez et 
al., 2007). Other researchers found elevated expression levels of IL-1β 
(Gursoy et al., 2009; Miller et al., 2006), IL-6 (Aurer et al., 1999; Gursoy et 
al., 2009), TNF-α (Gursoy et al., 2009), and MMP-8 (Miller et al., 2006) in 
saliva collected from periodontal patients. 
Clinically, periodontal therapies focus on professional and personal 
plaque removal, with the optional use of antiseptics or the occasional support 
by antibiotics. In general, standard periodontal treatments have good effects in 
terms of removing the biofilm causative factor and reducing inflammation. 
This results in improved clinical periodontal measurements and subsequent 
restoration of health. However, this outcome can persist only if patients 
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maintain personal oral hygiene and ensure continuous elimination of risk 
factors (Pihlstrom et al., 2005).  
 
2. Microbiology of periodontal disease 
2.1 Biofilms: composition and complexity 
Periodontal infections are initiated by the accumulation of tooth-adherent oral 
microflora in the form of biofilms (Hajishengallis and Lamont, 2012). 
Biofilms (also known as dental plaque) consist of multispecies bacterial 
communities, which are embedded in a dense polymeric matrix. They attach 
to the tooth surface and neighboring host periodontal tissues (Socransky and 
Haffajee, 2005). Researchers have observed oral biofilms since the very 
beginning of microbiology. In 1683, the report sent by Antony van 
Leeuwenhoek to the Royal Society about “a few living animalcules” from his 
teeth, believed to be the first observation of live bacteria from human beings, 
was actually a description of a scarp from an oral biofilm. After more than 
300 years since this first report, modern technologies such as electron 
microscopy, confocal laser scanning microscopy (CLSM), and quantitative 
real time polymerase chain reactions (qRT-PCR), allowed us to study other 
aspects of the oral biofilm. For example, one can now identify different 
species and their locations in a multiple-species biofilm by combining CLSM 
with fluorescence in situ hybridization (FISH) (Zijnge et al., 2010; Zuger et 
al., 2007). With electron microscopy, one can observe the shape and surface 
of the biofilm and therefore, record interspecies contacts and changes between 
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bacteria (Zhu et al., 2013). Sequencing of 16S rRNA genes allows the 
detection of more bacteria, particularly those that cannot be cultivated. At 
present, at least 1000 species have been found in the oral cavity (Dewhirst et 
al., 2010; Jenkinson and Lamont, 2005; Kuramitsu et al., 2007; Rosan and 
Lamont, 2000), with more species expected to be identified with improving 
technologies such as high-through next generation sequencing (Aas et al., 
2005; Kumar et al., 2003; Wade, 2013; Zaura et al., 2009).  
One of the difficulties of investigating the functions of oral biofilms is 
the high diversity of its constituent species. The oral microbiome has been 
shown to be the second-most complex after the colon microbiome in terms of 
species diversity. The oral biofilms are classified into supragingival or 
subgingival, based on their location in relation to the gingival margin. This 
thesis primarily focuses on the subgingival biofilm due to its closely 
documented association with periodontal infections (Socransky and Haffajee, 
2005). Approximately 500 different species can potentially reside in a 
subgingival biofilm (Hajishengallis and Lamont, 2012; Paster et al., 2001) and 
form complex relationships with one another. It is known that not all of these 
bacteria can directly attach to the tooth surface, implying that late colonizers 
require the formation of a mature oral biofilm with species that first need to 
colonize on the tooth surfaces. In an in vivo situation, early colonizers 
generate optimal microenvironments and sometimes become the foundation 
for later colonizing species (Kuramitsu et al., 2007). Examination of the co-
aggregation relationships between oral microbes is a good way to understand 
the organizational relationships of a biofilm (Kolenbrander et al., 2006). 
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However, in addition to direct attachment between bacteria, a number of other 
factors are involved in biofilm formation. For example, BspA protein from 
Tannerella forsythia favors co-aggregation with F. nucleatum and the growth 
of a dual-species biofilm (Sharma et al., 2005). Moreover, lysine-gingipain 
from P. gingivalis regulates the growth of T. forsythia in a 10-species biofilm 
(Bao et al., 2014), whereas its arginine gingipain promotes the growth of a 
dual-species biofilm with T. denticola (Zhu et al., 2013). Thus, it can be 
concluded that interspecies bacterial aggregation is only a part of the 
mechanisms that govern biofilm formation and that bacterial growth 
represents another important factor in this respect. 
Living in the form of a biofilm, oral bacteria build physical contact 
with each other, interact on the metabolic level, and exhibit signal-mediated 
communication with other biofilm members (Kolenbrander et al., 2006; 
Wright et al., 2013). For example, A. actinomycetemcomitans utilizes lactate 
from streptococci as an energy source (Brown and Whiteley, 2007; Ramsey et 
al., 2011). Porphyromonas gingivalis produces isobutyric acid, which 
stimulates the growth of T. denticola, whereas T. denticola produces succinic 
acid that enhances the growth of P. gingivalis (Grenier, 1992). Furthermore, 
Autoinducer-2 (AI-2), an important quorum-sensing signal molecule present 
in many Gram-negative bacteria (Miller and Bassler, 2001), is expressed by 
many different oral microbial species including streptococci spp. A. 
actinomycetemcomitans, F. nucleatum, P. gingivalis, and P. intermedia (Fong 
et al., 2001; Frias et al., 2001; Shao and Demuth, 2010). AI-2 is a highly 
conserved molecule that enables interspecies communication in a multispecies 
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biofilm (Schauder et al., 2001; Shao and Demuth, 2010). AI-2 can also be 
treated as an energy source. Actinomyces oris uses AI-2 produced by S. oralis 
as an essential nutrition source (Rickard et al., 2006). However, although 
some bacteria act as synergistic neighbors to others (Ramsey et al., 2011), 
others may show antagonistic properties. For example, the expression of fimA 
from P. gingivalis is inhibited by arginine deiminase from streptococci spp 
and thus abrogates the colonization of P. gingivalis (Lin et al., 2008). 
Moreover, biofilm formation of Candida albicans is disturbed by A. 
actinomycetemcomitans through AI-2 expression (Bachtiar et al., 2014). 
Besides, other non-bacterial factors such as nutrient availability, pH, toxic 
metabolites, shear forces, and host conditions contribute to the modeling of 
the structure and activities of an oral biofilm (Jenkinson, 2011). Only after 
elucidating the role of these factors in biofilm physiology can researchers 
possibly understand the shift of health-related biofilms to disease-related 
biofilms (Berezow and Darveau, 2011). 
 
2.2 Theories on the microbial etiology of periodontal disease 
The oral cavity is an open environment where the gingiva is consistently 
challenged by bacteria. Commensal biofilms may benefit oral health by 
positively boosting a minimal immune response in the gingiva (Jenkinson and 
Lamont, 2005). However, when shifting to a more pathogenic composition, 
the biofilm may eventually trigger periodontal infection (Darveau, 2010; 
Sbordone and Bortolaia, 2003). Unlike some infectious diseases, periodontal 
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infections are not trigged by single species. In the 1920s, researchers doubted 
the primary role of bacteria in periodontal infections (Belding and Belding, 
1933) due to failure in finding specific pathogenic microorganisms in the oral 
biofilm. It was not until the late 1950s when interest in the oral biofilm was 
raised again that researchers realized that the accumulation of subgingival 
biofilm was the non-specific cause of the disease (Schultz-Haudt et al., 1954). 
These observations led researchers to notice the importance of microbial shifts 
in periodontitis (Socransky, 1977), which then became the foundation of the 
theory that specific plaque may cause the disease (Loesche, 1992). Based on 
the studies of Socransky et al. (Socransky et al., 1998), periodontal microbial 
communities were sorted into different color-coded systems based on their 
community ordination and association with disease severity. P. gingivalis, T. 
denticola, and T. forsythia were grouped as “red complex,” a group most 
likely to trigger the disease due to their strong association with it. With 
respect to shifts in the biofilm community, it is now the predominant school of 
thought that enrichment of the pathogenic bacteria is driven by environmental 
factors (Marsh, 2006). Thus, the action of low abundance “keystone” 
pathogenic bacteria (Hajishengallis et al., 2011) may shape the dysbiotic 





2.3 Porphyromonas gingivalis 
2.3.1 Characteristics of P. gingivalis 
P. gingivalis is a Gram-negative, anaerobic, black-pigmented rod commonly 
found in the subgingival biofilm of patients with periodontitis (Boutaga et al., 
2007). This species draws a lot of attention in periodontal research due to its 
association with the severity of periodontal infection (Boutaga et al., 2007; 
Yang et al., 2004). Since the early study of periodontal infections, P. 
gingivalis was considered as one of the main pathogens that cause this disease 
(Holt et al., 1988). In his color-complex coded system, Socransky considered 
P. gingivalis as one of the three bacteria belonging to the “red complex” a 
group displaying the closest relationship to chronic periodontal disease 
(Socransky et al., 1998). The survival strategy of P. gingivalis focuses on 
avoiding the immune response rather than fighting against it, which may end 
up in establishing chronic inflammation. It is known that P. gingivalis is able 
to invade human epithelial cells (Tribble et al., 2006) without triggering 
apoptosis or necrosis (Nakhjiri et al., 2001). Instead, it regulates human toll-
like receptors (TLR)-4 through an atypical lipopolysaccharide (Coats et al., 
2009), perturbs the cross-talk between C5a receptor and TLR signaling to 
prevent dysbiosis caused by bacterial clearance (Maekawa et al., 2014), and 
inhibits the production of pro-inflammatory chemokines (Bostanci et al., 
2007a; Bostanci et al., 2013; Hamedi et al., 2009; Hasegawa et al., 2008). 
These findings are contrary to the dogma that biofilms trigger the 
inflammation associated with periodontal infection and leave an ambiguous 
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understanding of the contribution of P. gingivalis to the disease. Recently, 
Hajishengallis et al. demonstrated that this species could increase the 
virulence of the overall biofilm community even when present at low levels. 
Therefore, it is considered as a “keystone” species, the kind that is crucial for 
shifting the biofilm composition but does not need to exist in large 
proportions (Hajishengallis et al., 2011). Other reports have shown that P. 
gingivalis co-aggregates with T. denticola (Abe et al., 2004; Ito et al., 2010; 
Yamada et al., 2005), regulates growth (Bao et al., 2014), and controls the 
aggregation (Ito et al., 2010; Yamada et al., 2005) of other species, all of 
which support the “keystone” traits of P. gingivalis. In conclusion, even if the 
role of this species in biofilm may seem paradoxical, P. gingivalis certainly 
plays a prominent part in orchestrating inflammatory responses in the 
periodontal tissues (Hajishengallis and Lamont, 2014). 
 
2.3.2 Virulence factors of P. gingivalis 
 Porphyromonas gingivalis expresses numerous virulence factors including 
lipopolysaccharide (LPS), capsular polysaccharide (CPS), fimbriae, and its 
cysteine proteases, namely gingipains (Bostanci and Belibasakis, 2012; Curtis 
et al., 2001). LPS of the P. gingivalis has been reported to stimulate bone 
resorption in experimental animals (Chiang et al., 1999; Nishida et al., 2001); 
CPS is known to induce systemic IgG responses (Sims et al., 2001); and 
fimbriae facilitate the adherence of P. gingivalis to other species (Yamada et 
al., 2005) or host cells (Amano et al., 2004). However, this thesis mainly 





Gingipains, including arginine-specific proteinases A and B (RgpA and 
RgpB) and lysine-specific proteinase (Kgp) (Aduse-Opoku et al., 2000; Curtis 
et al., 2001), are potent cysteine proteases that are responsible for 85% of the 
proteolytic activity and 99% of trypsin-like amidolytic activities of P. 
gingivalis (Curtis et al., 2001; Potempa et al., 1997). The initial translation 
product of RgpA is a polyprotein composed of 1706 amino acids, including a 
227 amino acid propeptide domain, 492 amino acid catalytic domain, 543 
amino acid adhesin/hemagglutinin domain, and 444 amino acids C-terminal 
extension, whereas RgpB consists of 736 amino acids and lacks the major 
adhesin/hemagglutinin domain (Curtis et al., 2001). The arginine-specific 
proteinase can form in the 1) hetero-dimeric or multimeric form of RgpA 
composed of catalytic chain non-covalently associated with adhesin and Kgp 
enzyme (Rangarajan et al., 1997), 2) monomeric RgpA and RgpB in soluble 
form (Chen et al., 1992), or 3) monomeric forms in membrane associated 
form (Slakeski et al., 1998). Arg-gingipains cleave only protein/peptide 
substrates with Arg in the P1 position (Chen et al., 1992). The initial 
translation product of Kgp varies in size between 1723 and 1732 amino acids, 
depending on the strain (Curtis et al., 2001). Kgp cleaves peptides with Lys in 
the P1 position but can be blocked if Lys or Arg occupy the residue at P2 
(Abe et al., 1998).  
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In a closed environment such as the periodontal pocket, the main 
carbon and nitrogen resources for P. gingivalis come from the host (Milner et 
al., 1996), which largely relies on the proteolytic activity of its gingipains. 
Accordingly, P. gingivalis gingipain deficient strains require longer doubling 
time than normal (Grenier et al., 2003). Moreover, unlike other Gram-
negative bacteria, P. gingivalis does not produce siderophore to sequester and 
transport iron (Olczak et al., 2005). Therefore, gingipains also play a crucial 
role in the uptake of iron in P. gingivalis by taking in hemoglobin, heme 
protein, and ferritin from the host tissues (Bramanti and Holt, 1991; Gao et 
al., 2010; Sroka et al., 2001). They are also important in the formation or 
regulation of oral biofilms. Arg-gingipains were shown to affect the co-
aggregation between P. gingivalis and T. denticola (Ito et al., 2010; Yamada 
et al., 2005; Zhu et al., 2013) and regulate the structure of T. denticola 
aggregates in the 10 species biofilm (Bao et al., 2014). Lysine gingipains have 
been found to regulate the growth of T. forsythia in a 10 species biofilm (Bao 
et al., 2014). Both gingipains have also been found to regulate the co-
aggregation of P. gingivalis with P. intermedia, F. nucleatum, Actinomyces 
naeslundii, and Actinomyces viscosus (Abe et al., 2004; Kamaguch et al., 
2001). 
 
2.4 Aggregatibacter actinomycetemcomitans  
A. actinomycetemcomitans is a small, non-motile, facultative anaerobic, 
Gram-negative coccobacillus. This “Bacterium actinomycetem comitans” was 
first isolated from the actinomycotic lesion (Klinger, 1912) and was 
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previously classified as Actinobacillus actinomycetemcomitans (Topley and 
Wilson, 1929) and later as Haemophilus actinomycetemcomitans (Potts et al., 
1985). A. actinomycetemcomitans, particularly the JP2 clone used in this 
thesis, is strongly associated with aggressive forms of periodontitis among 
young individuals (Haubek et al., 2008) and multiple non-oral infections (van 
Winkelhoff and Slots, 1999). JP2 is a strain that exhibits high production of 
leukotoxin (LtxA) and differs from other species by a 530-bp deletion in the 
promoter region of the LtxA gene, which is believed to enhance its 
expressions (Hayashida et al., 2002). Many reports have demonstrated that A. 
actinomycetemcomitans is able to invade the cell, escape from immune 
defenses (Handfield et al., 2005; Lepine et al., 1998; Morimoto et al., 1999; 
Takayama et al., 2003), and activate various innate immune pathways 
(Belibasakis and Johansson, 2012; Takayama et al., 2003). Armed with many 
virulence factors such as LtxA, cytolethal distending toxin (CDT), and 
cytotoxin-associated genes E (CagE), A. actinomycetemcomitans is highly 
resistant to host immune cells such as PMNs, T-lymphocytes, and 
macrophages (Henderson et al., 2010). 
A. actinomycetemcomitans is also reported to regulate its neighboring 
microbial cells in an oral biofilm. Similar to other Gram-negative bacteria, 
AI-2 receptors were found in A. actinomycetemcomitans (Shao et al., 2007), 
indicating a quorum-sensing regulatory mechanism across species within the 
oral biofilm. Moreover, A. actinomycetemcomitans utilizes lactate from 
streptococci as an energy source (Brown and Whiteley, 2007; Ramsey et al., 
2011), which not only benefits its own growth but also enables change in pH 
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of the biofilm environment by reducing lactate. A. actinomycetemcomitans co-
cultures with other species such as P. gingivalis (Periasamy and Kolenbrander, 
2009b), Granulicatella spp. (Karched et al., 2015a), and F. nucleatum 
(Periasamy and Kolenbrander, 2009a) and form dual-species biofilms. 
Although both are related to periodontal infection, A. actinomycetemcomitans 
and P. gingivalis show antagonistic effects on each other’s growth. A 
competitive advantage of P. gingivalis has been displayed over 
A. actinomycetemcomitans (Takasaki et al., 2013). In a 6-species biofilm 
including P. gingivalis and A. actinomycetemcomitans, this advantage was 
also indicated by decreasing the cell number of A. actinomycetemcomitans 
and increasing numbers of P. gingivalis through biofilm cultivation (Karched 
et al., 2015b). 
 
3. Host–bacteria interaction 
3.1 Structure and function of periodontium 
The periodontium [including the gingiva (or “gums”), periodontal ligament, 
root cementum, and alveolar bone] is the set of tissues that surround and 
support the tooth. Similar to most mucosal structures, the gingiva consists of a 
surface epithelial layer and fibrous connective tissue (lamina propria) 
underneath (Schroeder and Listgarten, 1997). The gingival epithelium is a 
stratified squamous one and acts as a physical barrier against infection 
(Kobayashi et al., 1976). The epithelial layer itself is also involved in immune 
responses through its enzyme-rich lysosomes and by allowing and regulating 
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trafficking of immune cells to the site of infection (Ohlrich et al., 2009; 
Seguier et al., 2000). The gingival epithelium can be divided into three 
functional compartments: gingival, sulcular, and junctional epithelium. In 
addition to their morphological differences, keratin expressions are variable 
between these three compartments (Bragulla and Homberger, 2009; Hsieh et 
al., 2010). The junctional epithelium plays a crucial role in maintaining a 
healthy periodontium and consists of flatten cobblestone-like epithelial cells 
lying parallel to the tooth surface and sealing the periodontal tissues from the 
oral environment (Nanci and Bosshardt, 2006). In addition, junctional 
epithelium has 2%–5% of its total surface occupied by intercellular spaces 
(Schroeder and Munzel-Pedrazzoli, 1970), creating a unique semi-permeable 
passage that allows GCF and immune cells to pass through (Schroeder, 1970; 
1973). This tissue is crucial for the establishment of periodontal disease 
(Bosshardt and Lang, 2005), because it is exposed to the biofilm and cannot 
be inversely generated once the periodontal lesion has been established (Nanci 
and Bosshardt, 2006).  
Gingival connective tissue is a fibrous tissue that lies underneath the 
gingival epithelium. It consists mainly of collagen and fibroblasts but allows 
inflammatory cells to infiltrate through a dense capillary and post-capillary 
venule network in inflammatory and clinically healthy circumstances (Nanci 
and Bosshardt, 2006). In addition to providing physical support to the 
epithelium, the connective tissue produces growth factors for epithelial 
survival and growth through its fibroblasts (Costea et al., 2006; Locke et al., 
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2008). Moreover, fibroblasts themselves participate in innate immune 
responses against bacteria (Lekic et al., 1997; Locke et al., 2008). 
The crevice between the tooth and surrounding gingival tissue is called 
the gingival sulcus. It is constantly washed by GCF due to the microbial 
challenge and subsequent immune response. A healthy sulcular depth is <3 
mm. However, when periodontal infection occurs, the sulcular depth increases 
along with other clinical changes such as bleeding and apical migration of the 
attached epithelium. The gingival sulcus in this stage is classified as a 
gingival pocket or periodontal pocket, depending on the type of periodontal 
disease. Its depth is an important clinical parameter in the diagnosis of 
periodontal disease (Holtfreter et al., 2012; Lindhe and Nyman, 1975; 
Mariotti, 1999).  
 
3.2 Immunological components of the periodontium  
In response to the biofilm, the host tissue secretes numerous small compounds 
of the immune system (e.g., antibodies, cytokines, and prostaglandins) at the 
site of infection and recruits immune cells (e.g., PMNs, 
monocytes/macrophages, T-cells, and B-cells) (Ohlrich et al., 2009) to defend 
against the developing infection. In response to a bacterial antigen, the innate 
immune response, mainly through phagocytic cells such as PMNs and 
macrophages, forms the first line of defense. PMNs are the main immune cell 
type recruited in the early stages of periodontal infection (Tonetti et al., 2012). 
These cells migrate to the inflammatory area following an increase in the 
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chemotactic cytokine IL-8 concentration (Ebersole, 2003) and execute their 
bactericidal functions through neutrophil extracellular traps (NETs), 
phagocytosis, or oxidative burst (Nussbaum and Shapira, 2011). The effects 
of PMN on the control of bacterial infection are proven in PMN-deficient 
patients (Weston et al., 1991) as well as neutropenia animals (Verzeletti et al., 
2007). However, in addition to their protective role against pathogenic 
bacteria, PMNs trigger the destruction of connective tissues by producing 
molecules that amplify inflammation, such as triggering receptor expressed on 
myeloid cells 1 (TREM-1) (Bostanci et al., 2013); degrading enzymes such as 
matrix metalloproteinases (MMPs); and cytotoxic substances such as reactive 
oxygen species (Nussbaum and Shapira, 2011; Ryder, 2010). PMNs also 
induce osteoclastic bone resorption through the membrane bound receptor 
activator of nuclear factor kappa-B ligand (RANKL) (Chakravarti et al., 
2009). In addition to their roles in periodontal infection, the tissue-destructive 
capacity of PMNs is documented in several chronic inflammatory diseases 
(Caielli et al., 2012).  
Macrophages, another important scavenger in early inflamed 
periodontal lesions, are specialized phagocytes differentiated from monocytes. 
After they have been stimulated by microbe-associated molecular patterns 
(MAMPs) such as LPS, monocytes express high levels of toll-like receptor-4 
(TLR-4) and cluster of differentiation 14 (CD14) (Sabroe et al., 2002). The 
monocytes have been reported to express higher levels of cytokines in 
periodontal patients compared to periodontally healthy individuals (Fokkema 
et al., 2003). Pro-inflammatory cytokines, particularly IL-1 and TNF-α, are 
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potent inducers of connective tissue degrading enzymes such as MMPs as 
well as bone resorption pathways such as RANKL-OPG (Belibasakis and 
Bostanci, 2012; Graves et al., 2001). Both IL-1 and TNF-α are increased 
drastically in the GCF of patients with periodontitis (Giannopoulou et al., 
2003). 
Plasma cells and lymphocytes become the dominant immune cells in 
the tissue during the course of periodontal infection (Kinane et al., 2008). 
Lymphocytes include B cells, T cells, and natural killer T cells (NK T cells). 
Plasmas cells/ B cells are important for producing immunoglobulins (Igs) that 
guide adaptive immune cells by specifically binding to the antigen. T cells are 
considered to play an important role in the progress and control of 
inflammation during periodontal infection. T helper 1 (Th1) and T helper 2 
(Th2) are important subsets of T cells in periodontal disease, and their ratios 
are regulated by the cytokine profile in the tissue (Berglundh et al., 2002). T 
helper 17 (Th17) cells are newly discovered T helper cells that are 
characterized by IL-17 expression and are also reported to be involved in the 
periodontal infection (Steinman, 2007). Th1 and Th17 induce autoimmunity 
in the host tissues during periodontal infection and are therefore potential drug 
targets (Gaffen and Hajishengallis, 2008). Because these three types of Th 
cells develop from the same T-cell precursor, T cells are considered to exhibit 
plasticity in the presence of a diverse cytokine milieu (e.g., Th1, Th2, and 
Th17 polarization is induced by IL-12, prostaglandin E2, and IL-1, 
respectively) (Bluestone et al., 2009). Another distinct subset of T cells, T 
regulatory cells (Tregs), control the immune responses and maintain 
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peripheral tolerance (Thompson and Powrie, 2004), while NK T-cells 
recognize and eliminate bacteria directly or through other immune cells 
(Mattner et al., 2005). The regulation of cytokines or chemokines in gingival 
tissues is a complex process that involves secretion by many cells of the 
immune system (Bostanci et al., 2007a; Bostanci et al., 2007b; Bostanci et al., 
2011; Hamedi et al., 2009) and structural tissue cells (Belibasakis et al., 2005; 
Belibasakis and Guggenheim, 2011). In the context of periodontal infection, 
Th1 cells express RANKL and may induce periodontal bone resorption (Han 
et al., 2007) that can be mediated by Th2 cells (Ohlrich et al., 2009). 
Interestingly, despite the autoimmune-related response of Th17 cells, they 
have also been reported to display a protective role against bone resorption 
(AlShwaimi et al., 2013).  
 
3.3 Host–bacteria interaction to the inflammation 
In the oral environment, gingival tissues are constantly challenged by the 
biofilm. Periodontal inflammation in the gingival tissue is initiated when the 
host–bacteria balance is disturbed (Page and Kornman, 1997). Immune 
responses most likely contribute to the prevention of bacterial spread into 
deeper periodontal tissues, but total elimination, which is the ultimate goal of 
the immune system, cannot be reached as long as biofilms persist on the tooth 
surfaces. The permeability of the epithelium not only allows immune cells to 
emigrate towards the biofilm but also allows microorganisms from the biofilm 
to invade the underlying tissues (Sandros et al., 1994). Putative periodontal 
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pathogens such as P. gingivalis, A. actinomycetemcomitans, and F. nucleatum 
attach to the surface or invade the host cells (Bostanci et al., 2007a; Bostanci 
and Belibasakis, 2012; Han et al., 2000; Handfield et al., 2005; Morimoto et 
al., 1999; Pierce et al., 2009; Weiss et al., 2000). Periodontal pathogens or 
their virulence factors alone can stimulate cytokine production by the cells of 
the periodontium (Madianos et al., 2005). Despite these indications that 
bacteria may enhance the inflammatory response of the tissues, there is also 
evidence to suggest that some species act against each other to reduce the 
level of inflammation and survive (Gaffen and Hajishengallis, 2008). In this 
manner, the pathology of periodontal infection is masked by the complex 
relationship between the host tissues and oral microbiota.  
 
4. Periodontal infection models 
Although different models have been established to understand the 
mechanisms of periodontal infections, they are all limited to a certain extent. 
In the 1970s, Syed and Loesche proved that gingivitis could be induced by 
biofilm that has accumulated due to absence of oral hygiene (Syed and 
Loesche, 1978). Experimental gingivitis is a useful model to study the 
initiation of periodontal infections, with recent application of proteomics in 
studying the development of inflammation (Bostanci et al., 2012). However, 
due to ethical considerations, human experiments cannot proceed till the 
tissue destructive lesion appears and thus can only answer questions regarding 
initiation of the early inflammatory stages of the disease. Additionally, the 
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microbial profile is highly diverse in each individual, which increases the 
complexity of the study (Paster et al., 2001). 
Animal models, including oral gavage model, ligature-induced 
periodontitis model, chamber model, and abscess model are the other 
available choices for the study of periodontal diseases (Hajishengallis et al., 
2015b). In the oral gavage model, periodontal infections are induced by 
bacterial inoculation in the animal (Baker et al., 2000). The ligature-induced 
models involve the placement of a silk ligature around the posterior teeth to 
accumulate bacteria and, therefore, induce inflammation (Abe and 
Hajishengallis, 2013). Consequently, these models are the most common in 
vivo models for the study of inflammation and bone resorption as they are 
capable of inducing late stage periodontal infection (Daep et al., 2011; Orth et 
al., 2011; Settem et al., 2012). The chamber and abscess models, on the other 
hand, are developed mainly to study the effects of specific microbiota on 
periodontal infections. In the chamber model, the lumen of a subcutaneously 
implanted titanium coil chamber is used to inject bacteria to allow 
subcutaneous quantification of the recruited inflammatory cells (Graves et al., 
2008). In the abscess model, bacteria are injected into the dorsum, and their 
impact is scored according to the histopathological characteristics of the 
abscess (Singh et al., 2011). Similar to humans, animals have a highly 
complicated immune system. Use of various genetically engineered mouse 
models provides studies with a unique platform for studying host responses. 
One may argue that the oral microbial composition in animal models differs 
from that of humans. Nevertheless, experimental mouse models are meant to 
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target specific aspects of the disease to be studied and should not be 
considered as absolute substitutes for the study of human disease 
(Hajishengallis et al., 2015a). Although non-human primates may reduce such 
issues (McMahon et al., 1990), they raise other issues such as tight ethical 
restrictions and high financial costs. 
Another important option for studying periodontal infection is the use 
of in vitro models. In single species studies, putative periodontal pathogens 
such as P. gingivalis and A. actinomycetemcomitans can be introduced in the 
cell cultures to understand the effects of certain bacteria on host responses 
(Belibasakis et al., 2011b; Bostanci et al., 2009; Hamedi et al., 2009). 
However, 3D organotypic cell culture systems may express the histological 
features of the in vivo oral or gingival mucosa more accurately than 2D 
monolayer cultures. Therefore, models that use multi-layered epithelium were 
created and subsequently became increasingly popular (Schaller et al., 2006). 
Support of the epithelial multilayers by underlying connective tissue 
fibroblasts is important to allow the epithelium to exhibit features and 
behavior closer to their natural state in primary tissue (Karring et al., 1975; 
Mussig et al., 2009). Moreover, fibroblasts themselves also contribute to the 
local innate immunity, and their presence is important in a multi-tissue culture 
model (Belibasakis et al., 2014). Therefore, 3D oral gingival models 
reconstituted by epithelial cells and fibroblasts (Bragulla and Homberger, 
2009; Chai et al., 2010; Choe et al., 2006; Dongari-Bagtzoglou and Kashleva, 
2006; Igarashi et al., 2003; Mussig et al., 2009) have been widely accepted 
ever since Tomakidi et al. developed the first one in 1997 (Tomakidi et al., 
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1997). These complex models are based on oral epithelium cultured on top of 
an oral fibroblast-containing collagen gel or human de-epithelialized dermis at 
an air-to-liquid interface and remarkably broaden our understanding of 
bacteria-host relationships in periodontal infection (Dabija-Wolter et al., 
2012; Diaz et al., 2012; Paino et al., 2012; Pollanen et al., 2012). However, 
the complexity of biofilm cannot be represented by the single bacterial 
challenge most often used in such studies. Therefore, utilizing a multi-species 
biofilm has also been considered in periodontal infection models to allow 
better understanding of tissue biofilm interactions (Belibasakis et al., 2013b; 
Thurnheer et al., 2014). Obviously, no one in vitro or in vivo model is able to 
reproduce the complexity of human periodontal infection and address all 
aspects of the disease. Nevertheless, specific aspects can be productively 
investigated by using the most upfront bioengineering tools. 
Moreover, the earlier 3D models have been generated mainly by static 
seeding conditions, whereas bioreactor-based systems could offer a better 
control over cell culture parameters such as enhanced diffusion of oxygen and 
nutrients inside the cell-seeded scaffold, therefore leading to a standardized 
and reproducible production process. In particular, perfusion bioreactors for 
cell seeding and continuous culturing may lead to a uniform cell distribution 
and better growth/survival (Papadimitropoulos et al., 2013; Wendt et al., 
2006). In addition, the generated flow in the dynamic culture system may 
mimic naturally occurring oral fluid flows such as saliva and GCF and may 
therefore provide mechanical stimulation such as shear stress to the cells. In a 
given periodontal pocket, subgingival biofilms are estimated to be present in 
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2% oxygen and are exposed to the shear forces of saliva and gingival exudate 
at a flow rate of 0.4–2.0 ml/min (Loesche et al., 1983).  
Bioreactor-based models have been successfully used for modeling 
many other mucosal diseases such as lung infections (Carterson et al., 2005), 
intestinal diseases (Timmins et al., 2007; Voisard et al., 2003), and colon 
diseases (McCoy and O'Brien, 2010; Yeatts and Fisher, 2011). Such a system 
is missing in the field of periodontal infections. There is a great need for the 
development and exploitation of novel in vitro experimental models enabling 
the concomitant study of biofilms and host tissue. These could provide a 
better understanding of different aspects of periodontal infections, including 
relationships of different bacteria within the biofilm, behavior of biofilms in 
the presence of host tissue, and effect of biofilms on the host tissue. Such 
approaches could be also used in therapeutics as the first step to development 




The principal aim of this PhD thesis was to develop a standardized 
organotypic tissue-biofilm interaction model that is capable of recapitulating 
in vitro the early events taking place during the establishment of periodontal 
infection. The more specific aims, which are realized in each of the individual 
papers of the thesis, are as follows:  
1: To understand the role of individual virulence factors in subgingival 
biofilm formation and structure. This was evaluated by using two mutant 
strains of P. gingivalis that lacked the expression of a gingipain as a model 
organism. 
2: To evaluate if a standard subgingival biofilm model is amenable to the 
incorporation of additional species, using A. actinomycetemcomitans as a 
newly introduced organism. This evaluation aimed primarily at the study of 
proteomic changes that take place in the biofilm as a whole unit following the 
incorporation of A. actinomycetemcomitans.  
3: To establish immortalized gingival epithelial and fibroblast cell lines that 
can be utilized either in monocultures or in multi-layered cultures for the 
development of host-biofilm interaction experimental models. 
4: To generate an in vitro experimental model in a dynamic microenvironment 
that recapitulates key biological events in early periodontal infection. This 
involved a gingival epithelial-fibroblast-monocyte organotypic co-culture on 
collagen sponges, challenged by a subgingival biofilm, all performed in a 
dynamic perfusion bioreactor system. 
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5: To characterize the global proteomic events taking place in the established 
organotypic tissue-biofilm interaction model of periodontal infection. This 




In this thesis, different methods were used to establish a standardized 
organotypic tissue-biofilm interaction model and to characterize its features. 
The general descriptions and theoretical principles of the methods used within 
the thesis are given in this chapter, while the more detailed methodology is 
described in each individual paper of the thesis. 
 
1. Bacterial strains 
A total of 13 strains, including 2 mutants of P. gingivalis W50, were used in 
this study. These were A. actinomycetemcomitans JP2 (OMZ 295), P. 
intermedia ATCC 25611 T (OMZ278), C. rectus (OMZ 398), Veillonella 
dispar ATCC 17748 T (OMZ 493), F. nucleatum subsp. nucleatum (OMZ 
598), S. oralis SK248 (OMZ 607), T. denticola ATCC 35405 T (OMZ 661), 
A. oris (OMZ 745), S. anginosus ATCC 9895 (OMZ 871), T. forsythia (OMZ 
1047), P. gingivalis W50 (OMZ 308), P. gingivalis, K1A (OMZ 1126) and P. 
gingivalis E8 (OMZ 1127). The P. gingivalis K1A (OMZ 1126) and P. 
gingivalis (OMZ 1127) are genetically modified strains of P. gingivalis W50, 
with a deletion of Lysine-gingipain (kgp) and Arginine gingipain (rgpA and 
rgpB) genes, respectively. 
 
2. Multispecies subgingival biofilm model 
Earlier studies have used single species in planktonic form or in biofilm. 
However, the oral biofilm is a multi-species dynamic system, and its 
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complexity cannot be reflected by any single species cannot. Besides, most 
bacteria that are considered as “pathogens” are late colonizers and may be 
unable to attach to the tooth surface directly. Thus, in a biofilm, earlier 
colonizing bacteria optimize the environment for such late colonizing 
bacteria. Compared to the single species biofilm models, multispecies models 
are morphologically and physiologically closer to the in vivo oral biofilm. 
The in vitro dental biofilm model described here is a more advanced 
version of the well accepted “subgingival biofilm model” developed at the 
Section of Oral Microbiology and Immunology and also known as the 
“Zürich” biofilm model (Ammann et al., 2012; Ammann et al., 2013a; 
Ammann et al., 2013b; Belibasakis et al., 2013a; Belibasakis et al., 2014; 
Guggenheim et al., 2009). This model included in its composition typical 
early, intermediate, and late colonizers, which are detailed in the previous 
section. In brief, the biofilms are grown on hydroxyapatite discs following the 
addition of 200 µl of bacterial cell suspensions containing equal densities and 
volumes of each strain. A volume of 1.6 ml of growth medium (consisting 
principally of 60% saliva, 10% human serum, 30% modified fluid universal 
medium) is added to this suspension and incubated anaerobically for 64 h to 
achieve biofilm formation. During this period, the hydroxyapatite discs 
containing the growing biofilms on their surface are periodically dip-washed 
in physiological saline to mimic the shear forces of saliva in the oral cavity. 
In paper 1, by comparing the 10 species biofilms with the wild-type or 
the gingipain mutated P. gingivalis strains, we estimated the role of the 
gingipains in the structure and function of the biofilm. Paper 2 focuses on the 
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role of A. actinomycetemcomitans in the whole biofilm, indicated by the 
difference between 10-species biofilm and the same biofilm with additional 
bacterium. 
 
3. Biofilm harvesting and quantification by qRT-PCR and FISH  
For the evaluation of bacterial composition of the biofilm, quantitative real-
time PCR (qRT-PCR) and fluorescence in situ hybridization (FISH) were 
used. By relying on species-specific target sequences, qRT-PCR may more 
precisely quantify different species compared to colony forming unit (CFU) 
measurement, albeit CFU may more accurately define the number of living 
bacterial cells in the biofilm (Ammann et al., 2013b). The FISH method labels 
different species with matched fluorescent 16S rRNA oligonucleotide probes. 
With the help of confocal laser scanning microscopy (CLSM), FISH can 
easily identify the specific species within the biofilm (Thurnheer et al., 2001; 
Thurnheer et al., 2014).  
 
4. Establishment, cultivation, and characterization of cell lines  
One of the challenges in establishing a standardized, reproducible cell culture 
model is that primary cells have a short life span, last for few passages, and 
therefore do not provide sufficient cell numbers, not to mention the genetic 
differences between individual donors (Pi et al., 2007; Sacks, 1996). In the 
context of gingival tissues, gingival epithelial cells can only replicate for a 
few passages, and although gingival fibroblasts can replicate for more 
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passages, these traits are not sufficient to establish a reproducible model. 
Transfection with oncogenes E6 and E7 from high-risk human papillomavirus 
type 16 (HPV-16) is an efficient and reproducible way of producing 
immortalized cell lines (Dimri et al., 2005). This method has been used on 
other non-gingival epithelial or fibroblast cells (Dimri et al., 2005; Illeperuma 
et al., 2012; Oda et al., 1996). Therefore, in this thesis, immortalized epithelial 
and fibroblast cell lines were established from primary human gingival 
epithelial keratinocytes (HGEK) and gingival fibroblasts (GF) by inducing E6 
and E7 oncoproteins from HPV-16, conducted in collaboration with the 
Department of Virology, University of Cologne, Germany. The various 
cytokeratin (CK) expression patterns have been used as molecular indicators 
for different regions of the oral epithelium (Bragulla and Homberger, 2009; 
Hsieh et al., 2010). These CKs, including early epithelial markers CK19 
(cornified stratified epithelial markers CK10 and CK16) were used to 
characterize the immortalized cells developed in this thesis using qRT-PCR. 
MonoMac 6, a monocytic cell line established from the peripheral 
blood of a patient with monoblastic leukemia (Ziegler-Heitbrock et al., 1988), 
was also used in this model. It is the only human cell line that constitutively 
expresses the phenotypic and functional characteristics of mature monocytes 
and has therefore been used in earlier periodontal infection models (Bostanci 




5. Generation and characterization of organotypic gingival tissue in a 
perfusion bioreactor  
Our in vitro organotypic gingival tissue model consists of the gingival 
epithelial continuous cell line, the GF continuous cell line developed in this 
study on a collagen scaffold, the MonoMac6 cell line, and the “subgingival” 
biofilm. All these elements were brought in a dynamic flow system regulated 
by a U-tube perfusion bioreactor (Bao et al., 2015b). The pump of the 
bioreactor regulates the flow rate of the contained suspensions and reverses 
the flow when the injected fluid amount in the column reaches a set volume. 
With appropriate cell type and optimized growth medium, the scaffold that 
supports the cells growth is the most essential element to establish a proper 
3D model. Collagen is one of the most widely used textures due to its 
similarities with natural connective tissue (Moharamzadeh et al., 2007), 
though collagen gels that are used in most 3D static gingival models are 
unable to be penetrated by immune cells. The collagen sponge, made of 
porcine collagen type 1, used in Paper 4 of this thesis shows biologically 
favorable properties for the growth of epithelial cells, is strong enough for the 
bioreactor sheer forces, has the porous structure that acts as a flow-through 
channel for the monocytes, is easier to handle than traditional collagen gels, 
and may induce collagen synthesis by the cells more efficiently than a 
collagen gel (Berthod et al., 1993).  
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6. Host-biofilm interaction model in a perfusion bioreactor  
To mimic the inflammation processes in periodontal infection, the 11-species 
biofilm developed in Paper 2 was placed on the surface of collagen sponge to 
challenge the in vitro organotypic gingival tissue model detailed in the 
previous section. To mimic the distance between the tooth surface and the 
gingival tissue in real life, a small plastic ring was positioned on top of the 
organotypic layer just prior to placement of the biofilm-carrying discs 
(Belibasakis et al., 2014; Bostanci et al., 2015). These co-cultures were 
performed in the absence of antibiotics/antifungals to permit the survival of 
biofilm bacteria. In addition, during co-culture experiments, the atmospheric 
conditions were adjusted to 2% O2. A 24 h co-culture, collagen scaffolds, 
biofilm-containing discs, and culture medium were collected for various 
analyses. Masson’s trichrome staining and scanning electron microscopy were 
employed to study the cell distributions and organotypic tissue structure 
developed on the collagen sponges. A multiplex immunoassay was used to 
measure the levels of different cytokines in the secreted supernatant of the 
biofilm-challenged organotypic cultures.  
 
7. Proteomic identification and characterization by LC-MS/MS  
The modern liquid chromatography-tandem mass spectrometry (LC-MS/MS) 
is a powerful tool that can identify and quantify thousands of proteins from 
complex biological samples in a single run (Hebert et al., 2014; Hendrickson 
et al., 2014; Lundberg et al., 2014; Shen et al., 2014). In this thesis, LC-
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MS/MS has been used to understand the effects of A. actinomycetemcomitans 
on the biofilm (Paper 2) and to monitor the interactions between the 
organotypic host tissue and the biofilm (Paper 5). 
Our present understanding of biofilm behavior is mainly based on the 
growth characteristics of the biofilm, reflected by the individual bacterial cell 
numbers and bacterial localization (Amano et al., 2004; Ammann et al., 2012; 
Bao et al., 2014; Guggenheim et al., 2004). However, some reports have 
shown more in-depth regulatory trends in biofilms and uncovered molecular 
networks with LC-MS/MS (Hendrickson et al., 2012; Hendrickson et al., 2014; 
Maeda et al., 2015; Trindade et al., 2014; Zainal-Abidin et al., 2012). By 
using a label-free quantitative proteomics platform, we compared the 
identified biofilm lysate composition (“lysomes”) of biofilm with or without 
A. actinomycetemcomitans to understand the effects of this species on the 
whole biofilm. 
It is long known that the gingival epithelium secretes different proteins 
in response to the biofilm challenge, even before the appearance of clinical 
signs, which may be considered as biomarkers of the disrupted epithelial 
barrier (Ohlrich et al., 2009). However, a bigger picture of this process could 
only be studied in the whole range of regulated proteins. In Paper 5 of this 
thesis, we not only identified the proteins but also studied their abundance 
using a spectral counting method (Bao et al., 2015a). The host proteomic 
profile was identified in the secreted culture supernatant (“secretome”), and 
further analysis was performed on Metacore (an online bioinformatics 
database) to pursue protein pathways that were specifically affected in the 
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presence of the biofilm. The bacterial proteomic profile was mainly identified 
in the biofilm lysates, along with numerous potentially secreted bacterial 




Results and discussion 
Role of P. gingivalis gingipains in multispecies biofilm formation (Paper 
1) 
A quantitative evaluation of bacterial numbers in the biofilms revealed that 
the lack of gingipain expression did not affect the growth of P. gingivalis or 
any other species, with the exception of T. forsythia, which was significantly 
reduced in the absence of the Lys-gingipain. In terms of biofilm structure, 
CLSM showed that the wild-type P. gingivalis strain formed aggregates 
within its own species. T. forsythia was often scattered close to P. gingivalis. 
The association between P. gingivalis Lys-gingipain deficient strain and T. 
forsythia was less obvious. Treponema denticola formed aggregates or 
clusters in the presence of the wild-type P. gingivalis as well as when the Lys-
gingipain deficient strain was used. However, in the presence of the Arg-
gingipain deficient strain, Treponema denticola lost this cluster-like 
conformation and was distributed in a more threaded structure. 
Gingipains are crucial for the co-aggregation of P. gingivalis or its co-
adhesion with other species such as T. denticola (Abe et al., 2004; Ito et al., 
2010; Yamada et al., 2005), as was evident in this study by the formation of 
dense circular clumps of T. denticola dependent on the expression of Arg-
gingipain by P. gingivalis. In support of this, a similar multi-species biofilm 
showed that P. gingivalis and T. denticola tend to co-colonize gingival 
epithelial tissue (Thurnheer et al., 2014), whereas in a dual P. gingivalis - T. 
denticola biofilm, it was demonstrated that gingipains contributed to their 
interaction (Zhu et al., 2013). The communities of T. forsythia were also 
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frequently co-localized with those of P. gingivalis without impinging onto one 
another. This pattern was not noticeable when the Lys-gingipain deficient P. 
gingivalis was used, which was also marked by a reduction in T. forsythia 
numbers, suggesting that this gingipain is an important factor for the growth 
of T. forsythia in biofilms. The close association of T. denticola and T. 
forsythia with P. gingivalis communities in the biofilm suggest a metabolic or 
quorum-sensing relationship (Hojo et al., 2009) regulated by its gingipains. 
 
Quantitative proteomics reveal distinct protein regulations caused by 
Aggregatibacter actinomycetemcomitans within subgingival biofilms 
(Paper 2) 
A quantitative evaluation of bacterial numbers in the biofilm containing A. 
actinomycetemcomitans indicated that this bacterium did not affect the 
numeric composition of the other 10-biofilm species. However, the protein 
compositions of both biofilms were altered in the presence or absence of A. 
actinomycetemcomitans. The LC-MS/MS analysis identified a total of 3225 
and 3352 proteins from the biofilm lysates in the presence and absence of A. 
actinomycetemcomitans, respectively. A label-free quantification of the 
identified proteins revealed that 483 of them (excluding those of A. 
actinomycetemcomitans) were regulated in a species-based trend. All 
quantified proteins of P. intermedia were up-regulated in the biofilm when A. 
actinomycetemcomitans was present, while most quantified proteins of C. 
rectus, S. anginosus, and P. gingivalis were down-regulated. As oral biofilms 
are polymicrobial and dynamic (Hajishengallis, 2014; Socransky and 
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Haffajee, 2005), the proteomic profiles of the bacterial species are expressed 
differently than in their planktonic state (Zijnge et al., 2010). It therefore 
makes more sense to consider the nature/function of expressed proteins, rather 
than the number of each bacterial species in a biofilm. GO pathway analysis 
of the regulated proteins indicated that their function was responsible 
primarily for control of the metabolic rate, ferric iron binding, and 5S RNA 
binding capacities. 
In the closed environment of the periodontal pocket, subgingival 
bacteria can utilize alternative iron-acquiring mechanisms to digest the host 
iron-containing proteins. As such, A. actinomycetemcomitans binds to 
lactoferrin and hemoglobin (Rhodes et al., 2007; Zainal-Abidin et al., 2012), T. 
denticola expresses outer membrane protein HbpA with hemin binding ability 
(Rhodes et al., 2007; Xu et al., 2001), and P. gingivalis employs specific outer 
membrane receptors, proteases, and lipoproteins for iron (Hajishengallis and 
Lamont, 2014; Olczak et al., 2005; Xu et al., 2001). The overall changes of 
ferric iron-binding protein by A. actinomycetemcomitans may also affect the 
overall virulence of the biofilm. The enriched 5S RNA binding may be 
explained by the increased protein transport and fatty acid biosynthetic 
processes, also observed in the up-regulated biological process category. In 
the presence of A. actinomycetemcomitans in the biofilm, metabolic processes 
such as tricarboxylic acid cycle, fructose 1,6-bisphophate metabolism, 
carbohydrate metabolism, glycolytic process, and galactose metabolism were 
also regulated. This may not be surprising, because A. actinomycetemcomitans 
can utilize lactate from streptococci as an energy source (Brown and Whiteley, 
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2007; Hendrickson et al., 2012; Ramsey et al., 2011), and many glucose 
transport pathways in this bacterium can also be inhibited as a consequence of 
using lactate as a carbon source (Brown and Whiteley, 2007; Hendrickson et 
al., 2012). 
 
Establishment and characterization of immortalized gingival epithelial 
and fibroblast cell lines for the development of organotypic cultures 
(Paper 3) 
Primary human GEK and GF were induced by E6 and E7 oncoproteins of 
human papillomavirus, resulting in stable expression levels throughout many 
passages which confirmed successful immortalization. The primary cells 
ceased to proliferate in the early stages, while immortalized cell lines 
expanded for more than 30 passages. The established HGEK-16 cell line had 
the characteristic ‘cobblestone’ appearance of gingival epithelial cells, while 
the established GFB-16 cell line exhibited spindle-shape morphology as their 
primary counterparts. These established immortalized cell lines were used to 
construct a 3D multilayer organotypic culture in collagen gel and showed a 
histological structure similar to the gingiva in vivo. The qRT-PCR showed 
that the immortalized cell lines expressed all the cell type specific markers in 
the primary cell cultures. When cultivated in a 3D conformation, these 




A drawback of utilizing immortalized cell lines in organotypic cultures 
is that these cells may show carcinoma-like invasion patterns into the 
underlying connective tissues, particularly in the presence of fibroblast 
collagen matrix (Costea et al., 2006). The HGEK-16 cell line showed no such 
invasive trend into the fibroblast/collagen matrix when both cell lines were 
used to concomitantly construct an organotypic tissue. The abundant 
expression of CK19, a marker of early stratified epithelial differentiation 
(Groger et al., 2008), and the low expression of CK10 and CK16, largely 
expressed in cornifying stratified epithelia (Coulombe and Omary, 2002), 
suggested that the HGEK-16 mimicks the phenotype of junctional epithelial 
cells (Mackenzie and Gao, 1993). Hence, these newly generated cell lines 
have the potential to be useful tools for studying the physiology and 
pathobiology of gingival tissue in vitro. 
 
Establishment of an oral infection model resembling the periodontal 
pocket in a perfusion bioreactor system (Paper 4) 
The previously established immortalized epithelial and fibroblast cell lines 
were cultivated along with the Mono Mac 6 cell lines on collagen sponge to 
construct an organotypic model in a U-tube perfusion bioreactor. The 11-
species “subgingival” biofilm generated in Paper 2 was incorporated into this 
system to challenge the organotypic tissue. Scanning electron microscopy and 
histology identified an epithelial-like layer on the surface of the collagen 
sponge, which was further disrupted in co-culture by biofilm over 24 h. 
Underlying the epithelial layer, GF growth was revealed in the mass of the 
  
54 
collagen sponge, with increasing number of recruited monocytic cells in the 
presence of the biofilm. By quantifying the bacterial numbers in the biofilm, it 
was confirmed that C. rectus, A. oris, S. anginosus, V. dispar, and P. 
gingivalis were suppressed in co-culture with the organotypic tissue. 
Multiplex immunoassay analysis revealed that cytokines IL-1β, IL-2, IL-4, 
and TNF-α level was significantly up-regulated in response to the biofilm, 
which also indicated a potential antimicrobial effect triggered by the tissue. 
Earlier approaches have been applied to create such an epithelial 
structure in vitro. The gingival epithelium is supported by the gingival 
connective tissue (Schroeder and Listgarten, 1997), which is imperative for 
the proper reconstruction of organotypic gingiva and epithelial survival and 
growth (Costea et al., 2006; Locke et al., 2008). Earlier oral/gingival mucosa 
models combining epithelial and gingival tissue included impermeable 
collagen gels as scaffolds (Choe et al., 2006; Dongari-Bagtzoglou and 
Kashleva, 2006; Igarashi et al., 2003; Rouabhia and Deslauriers, 2002; 
Tomakidi et al., 1997; Tomakidi et al., 1998), which may have impeded the 
incorporation of immune cells due to lack of a continuous flow. The collagen 
sponge used in this study creates appropriate spaces for the flow of the 
monocytic (and potentially other immune) cells, while allowing gingival 
fibroblast growth and epithelial cell attachment. This property in itself is an 
advancement on previous models. The 11-species subgingival biofilm used to 
challenge this organotypic tissue in vitro is also superior to models using 
single bacterial species on epithelial-fibroblast co-cultures (Dabija-Wolter et 
al., 2012; Paino et al., 2012; Pollanen et al., 2012), or subgingival biofilms on 
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static co-culture with gingival fibroblasts (Belibasakis et al., 2014), or 
gingival epithelial cultures (Belibasakis et al., 2013b; Guggenheim et al., 
2009; Thurnheer et al., 2014). In addition, the micro-environmental conditions 
created by the perfusion bioreactor were regulated to mimic the in vivo 
periodontal pocket environment, set at 2% oxygen and exposed to the shear 
forces of GCF flow rate of 0.4–2.0 ml/min.(Loesche et al., 1983) Survival of 
both the organotypic tissue and the bacterial biofilm under these conditions 
prove that they are able to co-exist in an interactive relationship. The 
reduction in the numbers of some bacterial species denotes the antimicrobial 
capacity of the tissue, capable of controlling bacterial colonization. The 
elevated levels of several cytokines in response to the biofilms are also in line 
with clinical studies showing that patients with periodontitis exhibit higher 
GCF concentrations of these cytokines (Duarte et al., 2007; Kardesler et al., 
2011; Navarro-Sanchez et al., 2007; Shaddox et al., 2011). Hence, this novel 
model shows compatible histopathological, microbiological, and 
immunological features to a periodontal pocket in vivo. 
 
 Proteomic profiling of host-biofilm interactions in an oral infection 
model resembling the periodontal pocket (Paper 5, in revision) 
The global proteome of the collected supernatant and biofilm samples from 
Paper 4 was analyzed using LC-MS/MS. A total of 896 and 3363 proteins 
were found in supernatants and biofilm lysates, respectively. Most of the 
regulated secreted human proteins were related to processes of cytoskeletal 
rearrangement, stress responses, apoptosis, and antigen presentation. In terms 
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of bacterial proteins, most of the regulated secreted proteins were derived 
from cytoplasmic domain, while the up-regulated intracellular proteins were 
associated primarily with cytokinesis. 
The lower number of host proteins detected in the presence of biofilm 
supports the notion that biofilm challenge can dampen the host responses to 
favor microbial survival and establishment in the tissue (Hajishengallis and 
Lambris, 2011). This is consistent with previous reports studying the 
secretome or individual cytokines secreted in response to biofilms 
(Belibasakis et al., 2013b; Bostanci et al., 2015). The content of the secreted 
supernatant collected from the bioreactor system contains protein similarities 
to the GCF in vivo, particularly with regards to ones associated with immune 
responses such as annexin A1, calgranulin B, and cathepsin G (Bostanci et al., 
2010). The morphological disruption of the epithelial surfaces of this 
organotypic tissue observed in response to biofilms was backed-up by the 
proteomic analysis of this study. It revealed that cytoskeletal remodeling, 
keratinisation, and deregulation of protein unfolding were among the most 
affected process networks. Disruption of epithelial integrity could also be 
explained by regulation of lamins, which are components of the inner nuclear 
member, with a role in nuclear assembly, chromatin organization, and 
apoptosis (Okinaga et al., 2007). Considering that lamins are mainly found in 
cytoplasm, their increased presence in the bioreactor supernatant probably 
originates from lysed epithelial cells, which could also be interpreted as cell 
death. The epithelium can also mediate the innate immune responses by 
antigen presentation to T-helper cells (Ohlrich et al., 2009). Indeed, in 
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response to the biofilms, the MHC class I antigen processing and presentation 
molecules were also regulated. IL-13 signaling was also one of the most 
affected process networks, in line with its roles in inflammation such as the 
induction of MMPs (Van Dyken and Locksley, 2013). 
Secreted bacterial proteins from the biofilms may regulate host tissue 
functions in a manner that is detrimental to the pathogenesis of periodontal 
disease (Belibasakis and Guggenheim, 2011; Belibasakis et al., 2011a). In the 
present model, the number of identified secreted bacterial proteins was less 
than half of the number of human proteins. F. nucleatum expressed more than 
half of these regulated bacterial proteins, and their numbers were enhanced in 
the presence of the tissue. Because F. nucleatum plays an important role in 
connecting early to late colonizers in the biofilm (Kolenbrander et al., 2006) 
and can invade oral epithelial (Han et al., 2000) and fibroblastic cells (Dabija-
Wolter et al., 2009); it may have a mechanistic advantage in surviving the 
host challenge, while maintaining a relatively stable bacterial number. 
The most commonly up-regulated molecular function category of 
bacterial proteins in the presence of the organotypic tissue was nucleotide 
binding, consistent with the most commonly up-regulated biological processes 
which were translation and protein folding. 
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Conclusions and future work 
The first part of this thesis revealed that the in vitro “subgingival” biofilm 
model used here was very amenable to changes in bacterial additions or 
virulence factor expressions. These changes impacted the structure and 
function of the biofilms. For instance, P. gingivalis gingipains affected the 
numeric levels of T. forsythia and the localization of T. denticola. The 
addition of A. actinomycetemcomitans to the biofilm did not affect the 
numeric composition of the other biofilm species but instead altered the 
abundance of their protein content. Therefore, the present study revealed that 
the virulence properties of the subgingival biofilm as a whole entity may be 
regulated by A. actinomycetemcomitans.  
Immortalized cell lines ensure the maintenance of long-term 
experimentations by increasing the stability of cell behavior. Two 
immortalized cell lines were established using primary human gingival 
epithelial cells and fibroblasts which, when cultured in 3D conformation, 
developed histological similarities and expressed CKs in levels close to in 
vivo gingival tissue. Therefore, these newly established immortalized cell 
lines can be a standard cell source for generating 3D static models as well as 
organotypic tissue models.  
The gingival organotypic model developed using these cell lines in a 
perfusion bioreactor that controls the physical parameters (e.g., shear forces, 
temperature, O2 level) resembles the periodontal tissue and the periodontal 
pocket environment, in particular, when co-cultured with a subgingival 
biofilm. Because the disruption of the epithelial layer was evident, 
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accompanied by higher influx of monocytes within the tissue mass and 
elevated secretion of pro-inflammatory cytokines, it was concluded that this 
model may mimic the early stages of periodontal infection. Hence, this 
dynamic model could be used for further applications in the study of the 
pathogenesis, prevention, and treatment of periodontal diseases, and 
simultaneously reduce the need for in vivo experimental animal models. 
Proteomic characterization of this organotypic host-biofilm interaction 
allowed for simultaneous screening of all events that take place following 
biofilm challenge and is paramount in understanding the initiation processes 
of periodontal disease. Clearly, changes such as cytoskeletal rearrangement, 
enhanced stress responses, apoptosis, and antigen presentation occurred in the 
organotypic tissue, all denoting and confirming the initial steps of periodontal 
tissue pathology.  
This thesis demonstrated that the generated organotypic model is 
appropriate for the study of relationships between host and biofilm-associated 
pathogens. In the future, this model can be technically advanced by 
incorporating other immune cells of relevance to periodontal infections (e.g., 
PMNs and lymphocytes). Furthermore, longitudinal and interventional 
experiments can also be performed to monitor the protein regulations over 
time and evaluate the efficacy of different treatment modalities on the 
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